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The crystal structure of the food mutagen 2-amino-1-methyl-6-phenylimidazo[4,5-b] pyridine
(PhIP) has been determined by single-crystal X-ray crystallography. Crystals grown by
evaporation of an aqueous solution form in the monoclinic space group P21/n with two molecules
of PhIP per asymmetric unit, along with six water molecules. The phenyl groups of these two
PhIP molecules have torsion angles of different magnitude with respect to the plane of the
imidazopyridine moiety. To maintain centrosymmetry, the crystal also contains an oppositely
torsioned symmetry equivalent of each. The amino groups of both PhIP molecules take part
in an extensive hydrogen bond network with the water of crystallization, forming long channels
through the crystals parallel to the crystallographic b axis. The diffraction results are compared
to theoretical calculations of the optimized geometry for a single PhIP molecule in vacuo as
well as with water hydrogen-bonded to the exocyclic amine. In general, the agreement between
the X-ray crystal structure of PhIP and its theory-derived counterpart in vacuo is within the
combined experimental-theoretical uncertainty. The C-N bond to the exocyclic amine and
the neighboring CdN imidazole bond are exceptions. This is attributed to the combined neglect
of the crystal environment, waters of hydration, and the lack of coplanarity between the
imidazole ring and the amine group in the calculations. To address the effect of waters of
hydration, additional calculations were performed to optimize the geometry of a PhIP molecule
with two water molecules hydrogen-bonded to the exocyclic amine. The resulting C-N exocyclic
amine and CdN imidazole bond lengths were closer to those obtained by X-ray diffraction.
The accord between theory and experiment demonstrates the utility of applying theory to (1)
accurately predict structures of PhIP metabolites and intermediates that are too labile for
study by conventional structural techniques such as X-ray crystallography and (2) assist in
studying the mechanisms by which PhIP and its metabolites interact with proteins and DNA.

Introduction

The aminoimidazoazaarenes (AIAs)1 comprise a class
of heterocyclic amine mutagens formed in muscle meats
cooked at high temperatures (1-3). These compounds
are also found in smaller quantities in cigarette smoke
(4), beer and wine (5), and some grain products (6).
Formation of the compounds occurs by a pyrolytically-
induced condensation of amino acids and creatine or
creatinine during combustion or heating (7, 8). Of the
many species of AIAs detected in cooked meat, the most
abundant is usually 2-amino-1-methyl-6-phenylimidazo-
[4,5-b]pyridine (PhIP) (1, 9), which is found at levels of
up to 480 ppb.
PhIP (Figure 1) is a genotoxin that is moderately

mutagenic in the Ames/Salmonella assay, inducing up
to 2000 revertants/µg of mutagen (2, 10, 11). In addition,
it is a potent rodent tumorigen, inducing lymphomas in
mice (12, 13) and colon and breast tumors in rats (12,
14). The prevalence of PhIP in the western diet, coupled

with its carcinogenicity in rodents, suggests that it may
be relevant in the etiology of human cancer, particularly
of the breast and colon.

Like many bulky, aromatic carcinogens (15, 16), PhIP
is a stable nonreactive compound that is activated in vivo
to highly reactive electrophilic intermediates. Cyto-
chrome P450 monooxygenases oxidize PhIP to the N2-

hydroxy-PhIP (N-OH-PhIP) intermediate (17-19) which
acts as a substrate for cellular acetyl- and sulfonyltrans-
ferases to form N2-acetoxy-PhIP and N2-sulfonyl-PhIP,
respectively (20-22). Covalent binding of these electro-
philic esters to the C8 atom of guanine is facile both in
vitro and in vivo, resulting primarily in an N2-(2′-
deoxyguanosin-8-yl)-PhIP adduct (23-25), but other ad-
ducts may also exist (24-26).
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Figure 1. Structure of the heterocyclic amine food mutagen
PhIP.
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The noncovalent interaction of PhIP with DNA occurs
within a millisecond time scale via a groove-binding
mechanism (27). Decomposition of N2-acetoxy-PhIP, or
its covalent addition to guanine bases, occurs rapidly (21,
25) with a half-life of ∼2 min in aqueous buffers at 25
°C (26). Thus, the covalent addition stage is likely
preceded by the initial noncovalent groove-binding in-
teraction of the PhIP metabolite to DNA. The groove-
binding mechanism was interpreted as resulting from
PhIP’s small size combined with the nonplanarity of the
phenyl ring with respect to the imidazopyridine ring
system (27). Conformational modeling using potential
energy minimization searches suggests that, upon cova-
lent interaction with DNA, this phenyl ring dihedral
angle may decrease from 45° to ca. 21° (28).
Prior to this work, no experimentally derived three-

dimensional structures of PhIP had been obtained. We
present here the X-ray crystal structure of PhIP and
compare it to that derived from quantum mechanical
calculations. The aims in doing so were to computation-
ally generate realistic structures of PhIP and related
species too labile for crystallographic study (e.g., acetoxy
and sulfate esters of PhIP) which could then be used in
mechanistic or structural studies of PhIP interactions
with DNA and proteins.

Experimental Procedures

Chemicals. Caution: The heterocyclic aromatic amine PhIP
is carcinogenic in rodents and should be handled carefully
according to appropriate Environmental Health and Safety
protocols. PhIP was purchased from Toronto Research Chemi-
cals (Downsview, Ontario, Canada) and was used without
further purification.
X-Ray Crystallography. Crystals were grown by the slow

evaporation of an aqueous solution, which produced a large
number of extremely thin, fragile needles. After several months,
a few small blocky crystals were also observed. Initial inves-
tigation of the needle-form crystals revealed a monoclinic cell,
with approximate dimensions a ) 11.18 Å, b ) 7.23 Å, c ) 35.51
Å, â ) 99.16°, but the space group was indeterminate. These
crystals had a tendency to splinter lengthwise and to crack
perpendicular to the needle axis. They all gave wide, multiply
peaked ω-scans. Further investigation of these needles was
abandoned in favor of the small blocky modification.
A roughly cubic crystal of approximate dimension 0.1 mmwas

mounted on a Syntex P21 diffractometer into the (initially
deflected) cold-stream path of a modified Syntex LT-1 low-
temperature apparatus at 130 K. The diffraction quality of
these crystals was poor (but much better than the needle form),
with typical ω-scan base-to-base widths of ∼1°. The crystal
indexed as monoclinic, P21/n with a ) 11.156(4), b ) 7.219(3),
c ) 35.552(14), â ) 98.88(3)°, essentially the same as the needle
form. The origin of the difference in crystal morphology remains
unknown. The blocky crystals, however, were only observed
long after the growth of needle-shaped crystals had ceased.
Diffraction data were collected at 130 K with Cu KR (λ )

1.54178 Å) radiation from a sealed tube source. The structure
was solved by direct methods (29) and refined by weighted full-
matrix least-squares minimization on F2 with SHELXL-93 (30).
In the least-squares refinement, both phenyl rings were con-
strained to be identical, flat and to obey mm2 (C2v) symmetry;
i.e., equivalent bonds and angles in each were tied to the same
(refined) variable. The aminomethylimidazopyridine moieties,
however, were loosely restrained to similar geometries. All
hydrogen atoms belonging to the main molecules were found in
difference electron density maps and were refined using a riding
model (dC-H ) 0.98 Å, dN-H ) 0.94 Å). Difference map evidence
was found for 10 of the 12 possible hydrogens attached to the
water molecules, and all were in positions that formed plausible
hydrogen bonds. They were fixed at 0.85 Å from their respective

oxygen atoms. The torsion angles of the phenyl groups relative
to the imidazopyridine moieties refined freely. An absorption
correction (31) was applied, and refinement converged with a
conventional R factor (on F for data with I > 2σ(I)) of 7.58%.
The final difference map was featureless, the largest peak being
0.29 e Å-3. Data collection and refinement statistics are given
in Table 1.
QuantumMechanical Calculations. The geometry of the

isolated PhIP molecule in vacuo was optimized at the Hartree-
Fock (HF) level of theory using a standard 6-31G* basis set (32).
All 118 electrons were explicitly included in the calculations and
were described by the 59 doubly occupied molecular orbitals of
the ground state of the PhIP molecule. Additional calculations
were carried out to assess the effects of solvation, basis set size,
and the planarity of the exocyclic amine group on the PhIP
structure. For these calculations, waters of crystallization were
modeled by adding two water molecules to the PhIP calculations
constrained to be 1.82 Å from the exocyclic amine hydrogens,
but otherwise fully optimized.
HF 6-31G* calculations for organic molecules (33) have shown

that predicted C-H, N-H, and O-H bond lengths are usually
underestimated by ∼0.01 Å. Single bonds between non-
hydrogen atoms are calculated with comparable accuracy, but
double bonds tend to be underestimated by ∼0.02 Å. Calcula-
tions that include electron correlation predict longer bond
lengths, in better agreement with experiment. Similar com-
parisons to experiment for -NH2, -CH2, and -OH2 bond angles
indicate that angles are overestimated by 1-2° (33) depending
on which heavy atom is involved and the nature of its bonding
to the remainder of the molecule. Reoptimization of the PhIP
geometry with a 6-31G** basis set, which includes 2p -type
functions on the hydrogens, changed the bond lengths by only
∼0.001 Å and bond angles by 0.1°.

Results and Discussion

For consistency, we have retained the general form of
the atom numbering scheme used in earlier work, but
with “A” and “B” appended to distinguish the two
crystallographically inequivalent PhIP molecules (Figure

Table 1. Crystal and Structure Refinement Data

identification code PhIP
empirical formula C26H36N8O6
formula wt 500.59
temp (K) 130(1)
wavelength (Å) 1.54178
cryst system monoclinic
unit cell dimensions
a (Å) 11.156(4)
b (Å) 7.219(3)
c (Å) 35.552(14)
R (deg) 90
â (deg) 98.88(3)
γ (deg) 90

volume (Å3) 2829(2)
Z 4
density (calcd) 1.175 Mg m-3

absorption coeff (mm-1) 0.690
F(000) 1072
cryst size (mm) 0.1 × 0.1 × 0.1
θ range for data collection (deg) 4.01-54.06
index ranges -11 e h e 11, 0 e k e 7,

0 e l e 37
reflections collected 3433 (unique set)
independent reflections 3433 (Rint undefined)
absorption correction XABS2 (31)
max and min transmission 0.93 and 0.89
refinement method full-matrix least-squares

on F2
data/restraints/parameters 3433/92/391
goodness-of-fit on F2 1.092
final R indices [I > 2σ(I)] R1 ) 0.0758
R indices (all data) R1 ) 0.1125
extinction coeff 0.00019(14)
largest diff peak and hole (e‚Å-3) 0.29 and -0.32
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2); atomic coordinates are given in Table 2. Bond length
and angle differences between the two PhIP molecules
were insignificant; the root-mean-square (rms) deviations
were 0.008 Å and 0.56°, respectively. Only three of the
bond lengths and four of the bond angles differed by more
than the sum of their respective estimated standard

deviations (esds). All were well within the accuracy limit
for first-row atom structures imposed by the spherical
atom scattering factor approximation (34). In the fol-
lowing section, where bond lengths and angles are given
as the average over the two crystallographically in-
equivalent PhIP molecules, the “A” and “B” suffixes are
dropped. Geometric data for both experimental and
theoretical models are given in Tables 3 and 4.
In general, differences between experimental and

theoretical bond lengths are consistent with expected
errors at the HF 6-31G* level of calculation and are
within combined experimental-theoretical uncertainty,

Figure 2. The two crystallographically inequivalent PhIP
molecules and six waters of crystallization.

Table 2. Atomic Coordinates (×104) and Equivalent
Isotropic Thermal Parameters (Å2 × 103) for PhIPa

atom xa ya za Ueq
a,b

N(1A) 6459(4) 3872(6) -761(1) 30(1)
C(1A) 7729(4) 3649(9) -794(2) 39(2)
C(2A) 5958(5) 4077(8) -432(2) 34(1)
N(2A) 6614(4) 4049(7) -88(1) 40(1)
N(3A) 4751(4) 4344(7) -501(1) 36(1)
N(4A) 3348(4) 4437(6) -1090(1) 33(1)
C(5A) 3270(5) 4262(8) -1468(2) 31(1)
C(6A) 4251(4) 3936(7) -1665(1) 28(1)
C(7A) 5423(4) 3824(7) -1450(2) 29(1)
C(8A) 5504(4) 3996(8) -1068(2) 28(1)
C(9A) 4453(4) 4283(8) -890(2) 29(1)
C(1′A) 4034(3) 3770(7) -2082(1) 28(1)
C(2′A) 4863(3) 4469(7) -2304(1) 28(1)
C(3′A) 4616(4) 4406(7) -2698(1) 33(1)
C(4′A) 3569(3) 3591(7) -2880(1) 33(1)
C(5′A) 2754(4) 2859(7) -2667(1) 34(2)
C(6′A) 2979(4) 2936(7) -2272(1) 32(2)
N(1B) -4994(4) 9150(6) -1133(1) 33(1)
C(1B) -6299(5) 9417(9) -1181(2) 39(2)
C(2B) -4208(5) 8996(8) -792(2) 36(2)
N(2B) -4587(4) 9198(7) -461(1) 45(1)
N(3B) -3065(4) 8612(7) -841(1) 39(1)
N(4B) -2186(4) 8178(7) -1423(2) 41(1)
C(5B) -2453(5) 8182(8) -1801(2) 36(2)
C(6B) -3592(5) 8542(7) -2012(2) 31(1)
C(7B) -4563(5) 8922(7) -1810(2) 30(1)
C(8B) -4306(5) 8874(7) -1422(2) 31(1)
C(9B) -3119(5) 8534(8) -1230(2) 38(2)
C(1′B) -3768(4) 8574(6) -2433(1) 31(1)
C(2′B) -4710(4) 9599(7) -2641(1) 31(1)
C(3′B) -4860(4) 9655(7) -3036(1) 29(1)
C(4′B) -4091(4) 8689(7) -3232(1) 36(2)
C(5′B) -3151(4) 7689(7) -3033(1) 40(2)
C(6′B) -2981(4) 7632(7) -2638(1) 35(2)
O(1W) -3251(4) 8804(6) 298(1) 44(1)
O(2W) 844(4) 11008(6) -655(1) 52(1)
O(3W) 1079(3) 4699(6) -849(1) 40(1)
O(4W) 368(4) 8199(6) -1187(1) 51(1)
O(5W) 733(3) 6216(6) -160(1) 44(1)
O(6W) -949(4) 9112(7) -296(1) 60(1)
a Numbers in parentheses are estimated standard deviations

derived from the least-squares variance-covariance matrices.
b Ueq is defined as one-third of the trace of the orthogonalized Uij
tensor.

Table 3. Bond Lengths (Å) for PhIP Molecules A and B
Compared to Theory

atoms
PhIP Aa

(X-ray)
PhIP Ba

(X-ray)
averagea
(X-ray)

theoryb
(isolated)

theoryb
(solvated)

N1-C2 1.380(6) 1.387(7) 1.384(5) 1.364 1.362
N1-C8 1.405(6) 1.391(7) 1.398(5) 1.389 1.386
N1-C1 1.448(6) 1.452(6) 1.450(4) 1.444 1.443
C2-N2 1.325(7) 1.319(7) 1.322(5) 1.374 1.357
C2-N3 1.345(6) 1.343(7) 1.344(5) 1.288 1.304
N3-C9 1.372(6) 1.376(7) 1.374(5) 1.376 1.372
N4-C9 1.329(6) 1.330(7) 1.330(5) 1.313 1.312
N4-C5 1.341(6) 1.356(7) 1.349(5) 1.321 1.325
C5-C6 1.405(7) 1.398(7) 1.402(5) 1.397 1.393
C6-C7 1.411(7) 1.417(7) 1.414(5) 1.396 1.400
C6-C1′ 1.470(6) 1.479(7) 1.475(5) 1.489 1.488
C7-C8 1.352(7) 1.363(7) 1.357(5) 1.371 1.368
C8-C9 1.432(7) 1.415(7) 1.424(5) 1.401 1.405
C1′-C6′ 1.400(3) 1.400(3) 1.400(2) 1.393 1.393
C1′-C2′ 1.400(3) 1.400(3) 1.400(2) 1.393 1.393
C2′-C3′ 1.388(4) 1.388(4) 1.388(3) 1.384 1.384
C3′-C4′ 1.376(4) 1.376(4) 1.376(3) 1.385 1.385
C4′-C5′ 1.376(4) 1.376(4) 1.376(3) 1.385 1.385
C5′-C6′ 1.388(4) 1.388(4) 1.388(3) 1.385 1.385

a Numbers in parentheses are estimated standard deviations
derived from the least-squares variane-covariance matrix. b Sub-
scripts denote reduced precision in the last decimal place.

Table 4. Bond and Selected Torsion Angles (deg) for
PhIP Molecules A and B Compared to Theory

atoms
molecule

Aa
molecule

Ba averagea
theory

(isolated)
theory

(solvated)

C2-N1-C8 107.0(4) 106.8(4) 106.9(3) 105.2 105.8
C2-N1-C1 127.6(4) 127.0(5) 127.3(3) 127.7 127.1
C8-N1-C1 125.3(4) 126.1(4) 125.7(3) 126.9 126.9
N2-C2-N3 124.4(5) 125.5(5) 125.0(4) 124.3 123.4
N2-C2-N1 122.8(5) 121.7(5) 122.3(4) 120.7 122.6
N3-C2-N1 112.8(5) 112.8(5) 112.8(4) 115.0 114.0
C2-N3-C9 104.9(4) 104.2(4) 104.6(3) 104.7 105.1
C9-N4-C5 116.1(4) 116.2(5) 116.2(3) 116.2 116.2
N4-C5-C6 125.4(5) 125.9(5) 125.7(4) 125.4 125.4
C5-C6-C7 117.9(5) 117.7(5) 117.8(4) 118.1 118.0
C5-C6-C1′ 119.7(4) 121.0(5) 120.4(3) 120.8 121.0
C7-C6-C1′ 122.4(4) 121.3(4) 121.9(3) 121.1 121.0
C8-C7-C6 116.8(5) 116.7(5) 116.8(4) 116.4 116.5
C7-C8-N1 134.3(5) 133.6(5) 134.0(4) 134.1 134.1
C7-C8-C9 121.7(5) 121.9(5) 121.8(4) 120.8 120.7
N1-C8-C9 103.9(4) 104.5(5) 104.2(3) 105.2 105.2
N4-C9-N3 126.6(4) 126.7(5) 126.7(3) 126.7 126.9
N4-C9-C8 122.0(5) 121.5(5) 121.8(4) 123.2 123.2
N3-C9-C8 111.4(4) 111.8(5) 111.6(3) 110.0 110.0
C6′-C1′-C2′ 117.6(4) 117.6(4) 117.6(3) 118.2 118.1
C6′-C1′-C6 121.2(3) 121.5(3) 121.4(2) 120.9 121.4
C2′-C1′-C6 121.3(3) 120.9(3) 121.1(2) 120.9 120.8
C3′-C2′-C1′ 120.8(3) 120.8(3) 120.8(2) 120.9 121.0
C4′-C3′-C2′ 120.7(3) 120.7(3) 120.7(2) 120.2 120.3
C5′-C4′-C3′ 119.4(4) 119.4(4) 119.4(3) 119.4 119.4
C4′-C5′-C6′ 120.7(3) 120.7(3) 120.7(2) 120.3 120.3
C5′-C6′-C1′ 120.8(3) 120.8(3) 120.8(2) 120.9 120.9
phenyl
torsion

(36.0 (24.6 (45 (45

a Numbers in parentheses are estimated standard deviations
derived from the least-squares variance-covariance matrix.
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though bonds C2-N2 and C2-N3 are notable exceptions
(Table 3). The rms deviation in bond lengths and angles
between the isolated in vacuo theoretical model and the
average of the experimental models was 0.022 Å for all
bonds (0.014 Å excluding C2-N2 and C2-N3) and 0.88°
for all angles. The phenyl rings are extremely similar,
even down to the distortion from regular hexagonal
planarity. Torsional angles of the phenyl rings relative
to the pyridine-imidazo moiety, however, are different.
The theoretical model gave an energy minimum for a
torsion of 45° (Table 4). Owing to the symmetry of the
molecule, an equivalent minimum also exists at -45°,
as has been indicated by previous calculations (27).
Indeed, statistically one would expect an equal population
of phenyl groups twisted in opposite directions. This is
borne out in the crystalline state, where each of the two
crystallographically inequivalent PhIP molecules has an
oppositely torsioned symmetry equivalent (PhIP A )
(36.0°, PhIP B ) (24.6°). The torsion angle differences
between experimental and theoretical PhIP models can
likely be accounted for in terms of crystal packing forces
(35). It is interesting to note that the magnitude of these
differences is similar to that predicted when PhIP co-
valently binds to DNA and orients itself in the major
groove (28). The experimental and theoretical pyridine
rings are also very similar, though bonds involving N4
are somewhat shorter in the computational results. This
is possibly due to neglect of hydrogen bonding to water,
but is consistent with the intrinsic errors in HF 6-31G*
calculations discussed in the previous section. The
pyridine-imidazole ring fusion between C8 and C9 is also
shorter in the theoretical model. This may be related to
6-31G* underestimation of bond lengths and to the low
delocalization of the imidazole π-electron system, which
in turn may be due to the prediction of nonplanarity for
the exocyclic amine group, as described below.
Experimental bond length evidence suggests that there

is significant localization of charge between C2 and N2
and a correspondingly lower bond order between C2 and
N3. Indeed, the amine hydrogen positions obtained from
difference electron density maps were close to planar with
the imidazole ring. The nonplanarity predicted by the
theoretical model leads to substantially more double bond
character between C2 and N3 and a longer C2-N2 amine
bond with pyramidal geometry about the amine nitrogen.
The degree of N pyramidalization is determined by the
balance between the p-conjugation of the nitrogen lone
pair with the aromatic system and the use of highly
directional sp3 orbitals for the amine bonding. The
shorter C)N bond and longer C-NH2 bond predicted by
the HF calculations are consistent with the calculated
pyramidalization. This may indicate that theory for a
model in vacuo slightly underestimates the p-conjugation
of the nitrogen lone pair as compared to the crystal
environment. The largest differences between experi-
mental and theoretical models are in bonds involving
nitrogen atoms, and are probably related to neglect of
the hydrogen bonding network observed in the crystal
structure. Calculation of the optimum PhIP geometry
was thus carried out including two waters constrained
to the experimentally determined distance from the
exocyclic amine nitrogen, but otherwise fully optimized.
The rms deviation in bond lengths between experiment
and this partially solvated PhIP model was reduced to
0.017 Å (0.013 Å for all bonds except C2-N2 and C2-
N3). In particular, the results show a shortening of the
amine C2-N2 bond from 1.374 to 1.357 Å and a slight

lengthening of the C2-N3 double bond from 1.288 to 1.304
Å (subscripts denote reduced precision in the last decimal
place). Rms bond angle deviations between this model
and the experimental model also showed improvement
over the isolated molecule model, from 0.88° to 0.77°.
Inclusion of solvent increases the agreement with experi-
ment so that the deviations for bonds C2-N2 and C2-
N3 are decreased from 0.052 and 0.056 Å, respectively,
against the in vacuo model to 0.035 and 0.040 Å, respec-
tively, for the partially solvated model. These latter
deviations are now on the borderline of the (estimated)
combined experimental-theoretical uncertainty (about
0.03 to 0.04 Å). The planarity of the amine group with
the imidazole was not significantly affected. Calculations
with the amine and imidazole groups constrained to
coplanarity showed increased delocalization of the N2-
C2-N3 π-electron system and also improved the agree-
ment with the experimental bond lengths. Further
calculations with additional waters of hydration are
underway.
In the crystal (Figures 2 and 3a,b), the two PhIP

molecules and six waters are involved in an extensive
hydrogen bonded network. The amine group of molecule
A [atom N(2A)] is hydrogen bonded to equivalents of both
water O(5W) and atom N(3A) of another PhIP molecule
symmetrically related about the 21 screw axis. Atom
N(2B) interacts with two waters, O(1W) in the same
asymmetric unit and a glide equivalent O(1W). In
addition to its H-bond to an equivalent of N(2A), atom
N(3A) is also H-bonded to a (different) glide related
O(1W) water, which bridges two (inequivalent) PhIP
molecules. Atom N(3B), on the other hand, forms only
one H-bond, to water O(6W) in the same asymmetric unit.
Atoms N(4A) and N(4B) are both H-bonded in a trigonal
planar fashion to only one atom each [O(3W) and O(4W),
respectively], all within the same asymmetric unit. The
six water molecules are situated about the 21 screw axis,
forming long channels which run the length of the crystal
parallel to the b axis. The H-bonding coordination is
fourfold about all of these waters except O(4W), which
is threefold. Water O(2W) is coordinated only to other
water molecules.
It may be necessary to include the full crystalline

environment of the PhIP molecule to achieve complete

Figure 3. The PhIP crystal unit cell showing the channels of
hydrogen-bonded water of crystallization. (a) View down the a
axis. (b) View down the b axis.
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agreement with the X-ray diffraction results. Although
the hydrogen-bond network between PhIP and water
found in these crystals is rather complex, the geometry
about the nitrogen atoms themselves is quite straight-
forward. It can be modeled (at significant cost in terms
of computing resources) simply by including appropri-
ately constrained water molecules in the calculations.

Conclusions

Comparison of the crystal structure and theory permits
the construction of theoretical models more realistic than
the simple view of isolated molecules in vacuo. Although
the hydrogen-bonding environment about each PhIP
molecule is dynamic in vivo and static in the crystal
structure, the structure of PhIP obtained from water
solvated crystals is more likely than the theoretically-
derived structure to be a realistic model of PhIP as it
exists in vivo. The major reason for this is the effect of
environment (especially hydrogen bonding) on molecular
structure, electronic configuration, and hence on reactiv-
ity. After incorporating knowledge of the hydrogen-
bonding network obtained from the PhIP crystal struc-
ture into ab initio calculations, the agreement between
theory and experiment was enhanced dramatically. We
anticipate corresponding improvements in theoretical
models of PhIP metabolites if they are constructed in a
similar fashion, i.e., by placing hydrogen-bonding waters
at chemically intuitive positions and using the same
6-31G* basis sets used for our PhIP calculations. Such
models should allow a more realistic view of how struc-
ture and steric effects influence the interaction of PhIP
and metabolites with biological macromolecules, includ-
ing DNA and proteins that metabolize PhIP (e.g., cyto-
chrome P4501A2).
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